Abstract-We have performed a computational study on the enhancement of the power output of bifacial solar modules with effectively transparent contacts (ETCs). ETCs are triangular crosssectional silver grid fingers that redirect light to the active area of the solar cell, therefore mitigating grid finger shading losses. Furthermore, ETCs can be spaced densely leading to light trapping. We modeled bifacial silicon heterojunction solar modules with varying front and rear illumination and ETC coverages. We determined that shading losses can be almost fully mitigated and that light absorption can be increased by up to 4.7% compared with state-of-the-art screen-printed bifacial modules. Furthermore, we calculated that grid resistance and silver usage can be improved when using ETCs.
I. INTRODUCTION

B
IFACIAL solar cells have been gaining momentum due to their promise for price reductions of photovoltaic (PV) generated electricity by increasing power output [1] , [2] . In addition to front-side illumination, bifacial solar cells also accept photons incident on the rear side. Following initial introduction of the concept in the 1960s [3] , studies have found surprisingly higher power output than for monofacial solar modules. An increase in power output of up to 50% has been reported [4] . A more recent study even reported an increase of 40%-70% under cloudy conditions and between 13% and 35% under sunny conditions, depending on the height of the ground clearance [5] . Other factors such as the spectral albedo of the surroundings [6] - [9] as well as the cell mounting geometry (see Fig. 1 ) strongly influence the power output [7] , [10] - [16] . However, increased photon acceptance only translates into increased power output if charge carriers can be extracted and transported efficiently. Silicon solar cells, which presently dominate more than 90% of the PV market [17] are to date the only commercial bifacial technology [18] , and for these cells the collected photocurrent is conducted to the busbar by screen-printed silver contacts. Due to the shading of these metal contacts, between 2% and 8% of the incident light is lost [19] . Several approaches for alternative contact designs have been reported that aim to decrease shading loss [20] - [24] . We have recently developed effectively transparent contacts (ETCs), with record-high optical transparency that mitigate a large fraction of these shading losses without sacrificing the charge conduction [25] - [28] . Since interdigitated back contacts cannot be straightforwardly applied to bifacial solar modules, ETCs currently constitute the only solar cell contact technology that can achieve shading loss of less than 0.1% for bifacial solar cells. We have also recently shown that densely spaced ETCs can enhance light trapping in thin silicon solar cells [29] , [30] .
Here, we demonstrate computationally how ETCs can enhance absorption in bifacial silicon heterojunction cells and modules by efficiently redirecting light into the solar cell and by trapping light within the crystalline silicon. Fig. 1 shows schematically a bifacial solar module with ETCs on front and rear side of silicon heterojunction cells. The front side experiences mostly direct illumination from the sun, while the rear 2156-3381 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
side is exposed to diffuse light reflected from the surroundings. With ETCs, photons incident on a metal contact are efficiently redirected to the active area due to the triangular geometry of ETCs (see Fig. 1 , yellow arrow). Low-energy photons that are not absorbed during the first pass can be reflected back at the flat bottom of the ETCs, leading to light trapping (see Fig. 1 , red arrow). We performed computational optical simulations of different front and rear illumination scenarios. Furthermore, we calculated the grid resistance of the investigated contact layouts. We found that using ETCs, the number of busbars can be reduced compared with a standard bifacial solar cell contact grid layout. This leads to a decrease in silver consumption as well as to an additional advantage for photon absorption.
II. OPTICAL MODELING
As depicted in Fig. 1 , we assume that a bifacial module accepts mostly direct irradiation at the front and mostly diffuse light at the rear. Under clear sky conditions, this is a realistic assumption, while under cloudy conditions there is also a significant diffuse light portion incident on the front side. We show below that the optimal grid configuration for front side direct or diffuse illumination is similar. At first, we consider the clear sky case. We assume that the total wavelength (λ) dependent irradiance (I total (λ)) incident is given by the sum of front (I front ) and rear (I rear ) illumination
On the front, we assume AM 1.5G (ASTM G-173-03) irradiation
On the rear side, the irradiation depends on the initial solar irradiance (AM1.5G(λ)), on the wavelength (λ) dependent albedo R A (λ), on the angle of incidence and on geometric factorswhich we summarize in a constant C (0 ≤ C ≤ 1). Here, we define the angle parallel to the grid fingers as the x-axis and the angle perpendicular to the grid fingers as the y-axis. The wavelength and angle-dependent rear illumination is given by the following:
The short-circuit current density generated by a photon with wavelength λ (j(λ)) can be determined if the external quantum efficiency (EQE(λ)) is known and the internal quantum efficiency is assumed to be one. For the front, we obtain the following expression:
For the rear side, we obtain the following expression:
By weighting and averaging EQE rear (λ, x, y) with the cos(x, y), we obtain an angle-independent EQE (EQE rear (λ)) that contains the cosine intensity distribution of the diffuse light
Therefore, we obtain as expression for the total short-circuit current density (j total )
We performed optical simulations in order to determine the EQE of bifacial silicon heterojunction solar modules for frontand rear-side illumination. We chose a thickness of 180 µm for the monocrystalline silicon absorber, which is passivated by a 5 nm layer of intrinsic amorphous silicon. Front and rear of the crystalline silicon exhibit random texture (not shown in Fig. 1 ). The front-side selective contact is a 5-nm p-doped amorphous silicon layer and the rear-side selective contact is 5-nm n-doped amorphous silicon. The front and rear both have a 70-nm indium tin oxide (ITO) layer in order to achieve good lateral charge transport and antireflection properties. We found ∼70 nm is the required thickness of ITO to provide optimal antireflection properties in multiple spectral albedo scenarios [31] . On front and rear, we assumed an encapsulation consisting of 450-µm EVA [32] and 3.2 mm glass [33] with antireflection coating [34] . We performed simulations of modules without any metal contacts in order to have a reference for determining shading losses and light trapping. As reference for a state-ofthe-art optimal screen-printed contact, we used the shape and shading of double screen-printed contact fingers [35] . These contact fingers are ∼17 µm high and ∼46 µm wide, and feature rounded shapes [35] . The metal coverage of reference contact fingers was assumed to be 3.4% at the front and 4.8% at the rear [19] . Three busbars with a total coverage of 2.4% were used for front and rear sides, which are 1.25 mm wide and 200 µm high [19] . ETC grids were simulated assuming no, one, two, or three busbars with the same properties as those for the reference case. ETCs were composed of triangular cross-sectional silver lines (complex refractive index obtained from [36] ) with 10 µm width and 30 µm height. Comparison of simulations with experimental results presented in [25] - [27] show that using specular side walls with the optical properties of bulk silver [36] is in good agreement with the experiment. In the experiments, specular side walls were obtained via performing an imprint process with a silver nanoparticle ink [25] - [27] , [37] . The performance dependence on shape and dimension of the metal contact was investigated elsewhere [30] and it was determined that a width of greater than 2.5 µm has to be used in order to avoid resonant interaction with light. Furthermore, the lateral conductivity also increases with the increasing cross section. On the other hand, the performance decreases if the structures become too large [30] due to large contiguous areas being shaded. From a practical perspective, on one hand, it is favorable to use a size that is significantly larger than the random pyramid texture of the silicon, on the other hand, it should not be too large in order not to interfere with standard processing procedures. The largest structures we processed in our laboratory were 10 µm wide and 30 µm high.
The module size was assumed to be a single cell standard module with the dimension 15.6 cm × 15.6 cm. The front and rear coverage was varied between 5% and 50% to obtain the optimal configuration.
In order to obtain an accurate representation of the thin-film optical properties of the solar cell while also simulating micro and millimeter scale features with computational fidelity, we used a two-step simulation method. First, we simulated the reflection, transmission, and parasitic absorption at the interface between EVA and the solar cell via thin-film simulations performed with PV Lighthouse's OPAL 2 [38] . This solver calculates the propagation of light through thin films using the transfer matrix method. The optical properties at the interface were obtained for angles of incidence between 0°and 89°to the surface normal for the cases of front and rear illumination. N-doped amorphous silicon exhibits higher parasitic absorption than p-doped amorphous silicon, therefore, front and rear were simulated individually. These transmission and reflection data were passed to a Synopsis LightTools ray optical simulation model. In this model, the optical elements, their surface, and bulk properties are defined. The LightTools software uses Monte Carlo ray tracing in order to simulate the propagation of light from a defined source to a receiver. Only ray optical behavior of light can be treated, hence we included the PV Lighthouse OPAL 2 thin-film results as surface properties in the model. We verified our simulations by comparison with OPAL 2 combined thin film and Monte Carlo ray tracing as well as with rigorous coupled wave analysis. The full module consists of a 180 µm absorber with the bulk optical properties of crystalline silicon [39] , while the surface on front and back side is defined by the OPAL 2 results. The EVA and glass are explicitly included in the LightTools model, and so are busbars, screen-printed fingers, and ETCs. Note that with this approach we also ensured accurate accounting for total internal reflection at the glass/air interface [40] . In all cases, we simulated the total reflection and the absorption in every single layer. In particular, we obtained the absorption within the crystalline silicon and accounted for parasitic absorption within the other layers. In the following sections, we will investigate front and rear illumination separately, and we present the overall result in Section V.
III. FRONT-SIDE ILLUMINATION
We investigated the effect of different contact layouts on the absorption within the crystalline silicon, assuming illumination only from the front side. Fig. 2 shows the corresponding spectral EQE for a module with the reference double screen printed fingers (schematic A, black solid curve), for a module without any metallization (schematic B, black dashed curve), and for a module with 20% ETC coverage on the front and 50% ETC coverage on the rear (schematic C, red curve). These three curves refer to the left ordinate. In all cases, shading from busbars was neglected. The reference fingers lower the EQE, while ETCs perform similarly to a module without metallization for wavelengths shorter than 1000 nm. For longer wavelengths, the EQE with ETCs even exceeds the EQE of a module without metallization. This effect results from light trapping. Light that was not absorbed in the first path has a probability (dependent on the rear ETC coverage) to be reflected at the flat bottom of the rear ETCs. In order to make the difference between ETCs and no metallization clearly visible, we subtracted the EQE with ETCs by the EQE without ETCs. The result is shown as the red dashed curve in Fig. 2 and refers to the right ordinate. The loss compared with no contacts is shown by the blue shaded area, and the gain is shown by the red shaded area. It can be seen that ETCs yield a slightly lower EQE in the shorter wavelength regime than no metallization. For short wavelengths, this result is mostly due to parasitic absorption within the silver of the ETCs. Furthermore, due to a change in the angle of incidence after redirection by the ETCs, the antireflection properties become slightly worse, which leads to an additional loss. However, the EQE is significantly increased in the longer wavelength regime due to light trapping, which exceeds the losses in the shorter wavelength regime. We investigated multiple front and rear ETC coverage scenarios, the results of which are presented in Fig. 3 . The EQE was weighted with the AM 1.5G spectrum to obtain the short-circuit current density (j front ) as shown in (7) . All configurations were compared with the case without any metallization, and the percentage change of j front in each, relative to this case, is depicted. Negative values mean losses due to shading, while positive values can be attributed to light trapping. We can see that the reference with screen-printed fingers loses 2.3% j front from shading. For the ETCs, losses increase for the increased front coverage if the rear is not covered with metal. However, the losses never exceed 0.1%, which corresponds to an effective transparency >99.9%. But with increased rear-side coverage, the light trapping increases and j front exceeds the no metallization case by up to 0.79%. It can be seen that for increased rear coverage, increased front coverage contributes stronger to the light trapping as well. With increased rear coverage the chances increase that long wavelength photons undergo a second pass, as depicted by the red arrow in Fig. 1 . Only photons that are first reflected at the rear can experience light trapping from the front-side ETC coverage.
Therefore, the light trapping on the front increases with the increased rear light trapping. Busbar losses are neglected in Fig. 3 in order to focus on the finger and ETC properties. Each added busbar contributes another 0.8% shading loss. In our reference cell with three busbars, this adds up to 2.4% additional shading. We will demonstrate below that with ETCs we can reduce the number of busbars down to one, leading to additional gain in effective transparency.
IV. REAR-SIDE ILLUMINATION
We compared the optical performance of the reference finger grid and ETCs when exposed to rear-side illumination. We assume Lambertian light scattering of sunlight from the surroundings and therefore, randomized light incident on the rear. As light is incident from all angles, first we need to determine the angle-dependent EQE for all different front-and rear-side coverages. We performed the same optical simulation as described above but varied the angle of incidence between 0°and 80°to the surface normal. The angle was varied along the x-axis, which is parallel to the finger grid lines, and along the y-axis, which is perpendicular to the finger grid lines. As described in Section II and in (6), the angle-dependent EQE needs to be weighted with a cosine factor. Fig. 4 shows the angle-dependent rear-side short-circuit current density (j rear ) calculated using (5)- (7), for the reference double screen-printed metallization, and for ETCs with 20% coverage on the front and varying coverage on the rear. The left side of the graph shows j rear for light incident along the y-axis and the right side shows j rear for light incident along the x-axis. Normal incidence (0°) is in the center. Note that the light is incident from the rear and the rear coverage is changed between 0% and 50%, while the front coverage is kept constant. Furthermore, the rear uses n-doped amorphous silicon, and therefore light incident on the rear experiences slightly higher parasitic absorption within the amorphous layer than light incident on the front. For 0°, we obtain a similar result as in Fig. 3 : ETC grids perform optically similar to no metallization, while the reference grid exhibits 2.9% loss. The higher loss compared with the front results from the higher metal coverage on the rear for the reference we used [19] . With increasing angle along the x-axis, the current density decreases for all contact layouts due to a decrease in EQE and due to the cosine factor. The EQE decreases with the increasing angle of incidence due to a less favorable behavior of the antireflection coating. Along the x-axis, ETCs always outperform the reference case and the ETC coverage has no influence. For light incident from the y-axis, the current density depends on the ETC coverage. For steep angles, there is no dependence but for increasing angle the current density experiences a cutoff for high ETC coverage. For high coverage and high incident angle, ETCs shade the active area and light incident on the metal lines is likely to be reflected to a neighboring metal line instead of the active area. Therefore, the cutoff angle decreases with the increasing coverage. For 20% coverage, the current density always stays above the reference case, for 30% coverage it crosses the reference case at 50°, for 40% coverage at 40°, and for 50% coverage at 30°.
V. OPTIMAL FRONT AND REAR CONFIGURATION
In Sections III and IV, we have shown the effects of different ETC front and rear coverage for both front and rear illumination separately. For front illumination, higher rear coverage leads to increased EQE due to light trapping. Meanwhile, as Fig. 4 shows, increased rear coverage leads to a cutoff in current generation for light that is incident under an oblique angle parallel to the y-axis. Our goal is to obtain the highest current generation overall, i.e., to maximize the sum of the currents generated from front and rear illumination. We use the equation introduced in Section II to derive the optimal configuration assuming mostly direct illumination under normal incidence from the front and diffuse light from the rear side. First, we calculate j total according to (7) by using the EQE results obtained in Sections III and IV. For our calculation, we assume a spectrally independent albedo (R A (λ) = constant) and incorporate it into the constant C. In this case, front-side and rear-side illumination experience the same wavelength dependence. Therefore, the rear-side illumination can be expressed as a fraction of the front-side illumination, this fraction being dependent on the Fig. 4 . Generated current density for rear-side illumination depending on the ETC rear coverage and on the angle of incidence, assuming ETC front coverage of 20%. The left side is for light incident along the y-axis, the right side for light incident along the x-axis. The center presents normal incidence. This result is already multiplied with a cosine factor to account for lower intensity of light incident under an angle. albedo and the geometric factors. First, we calculate the total current density j total and compare the result with the case of a monofacial solar module with the reference screen-printed contact fingers. Furthermore, as we will see in Section VI, we can reduce the number of busbars down to one if we use a front ETC coverage of more than 14%. Fig. 5(a) shows the relative current density for different rear intensities and different contact configurations compared with a monofacial cell with the reference screen-printed contacts. It can be seen that the bifacial reference current exceeds the monofacial current for all cases, although the module does not have a rear reflector, and therefore exhibits lower light trapping. This nicely demonstrates why bifacial solar modules generate more power whenever there is any possibility for light incident on the rear. In addition, the current density is increased even further when replacing the reference contact grid by ETCs. In order to investigate this effect more closely, we calculated the relative change in current density when using ETCs compared with the reference bifacial module. The results are presented in Fig. 5(b) . The results from the reference are included, indicating the constant reference current density (0% change). In almost all cases, ETCs exceed the reference. Only for 50% rear coverage, the current cutoff for light incident from the y-axis dominates and the overall current density is decreased. The lower the rear illumination intensity, the more beneficial it is to use a higher ETC coverage on the rear. For less than 15% relative rear illumination intensity, an optimum coverage is achieved at 30% rear coverage and yields a relative current density increase of 4.4%. For a rear illumination intensity greater than 15%, a rear coverage of 20% offers optimal conditions and leads to a current density increase of 4.5%-4.7% depending on the rear illumination intensity. Note that this result takes into account that the ETCs use two fewer busbars, which correspond to a shading advantage of 1.6%.
VI. METAL GRID CONDUCTIVITY AND SILVER USAGE
In order to benefit from the increase in photon absorption by the use of ETCs, the grid resistance must not increase. Therefore, we calculated the grid resistance [41] of the reference with standard fingers and three busbars as well as that of ETCs with different coverage and one, two, or three busbars. The results are presented in Fig. 6(a) . We assumed an ink with conductivity of 4.5 µΩ-cm [42] and multiple busbar-ribbon connection pads. Use of a different ink would change the absolute series resistance values of the grids but would not alter the comparison between ETCs and the reference we use, as the series resistance scales linearly with the ink conductivity [41] . We obtained a grid resistance of 4.4 Ω-cm 2 for the reference front-side grid and 3.1 Ω-cm 2 for the rear-side grid. In Fig. 6(a) , the series resistance results are presented for the reference (for front and rear grid) and for ETCs with one, two, or three busbars and different ETC coverages. It can be seen that if an ETC coverage of >14% is used on the front, only one busbar is necessary in order to achieve lower series resistance than for the reference. The respective coverage for the rear side amounts to >20%.
If two busbars can be removed compared with the reference, another additional 1.6% j sc increase is obtained compared with the cases presented in Fig. 3 . In Section V, it was determined that the optimal front coverage is 20% and the optimal rear coverage is 20%-30%. In both cases, we assumed one busbar. From the results in Fig. 6(a) , we can see that this is a configuration that leads to lower series resistance than for the reference.
Finally, we analyze the silver ink usage for the different grid configurations considered. The results are summarized in Fig. 6(b) . The front and rear reference grid results are shown as grey and black squares, respectively. The silver usage for grids with different ETC coverage is shown in black solid (three busbars), black dotted (two busbars), and black dashed curves (one busbar). It can be seen that with one busbar, the ETCs do not exceed the silver usage of the reference as long as the coverage is below 25%. Therefore, the bifacial grid configurations considered above give rise to superior performance as compared with the state-of-the-art bifacial metallization in terms of optical transparency, series resistance, and ink consumption.
VII. CONCLUSION
We have shown that replacing screen-printed contact fingers by ETCs can lead to a significant enhancement in light absorption for bifacial solar modules. The microscale triangular crosssectional ETCs redirect incoming light efficiently to the active area of the solar cell, mitigating shading losses. Their close spacing leads to light trapping for long wavelength photons, yielding an additional increase in light absorption. The close spacing also allows the use of one instead of three busbars, further decreasing shading as well as the amount of silver used. Our analysis suggests an optimal grid layout consists of one busbar and 20% ETC coverage on the front and one busbar and 20%-30% ETC coverage on the rear. With this configuration, the total light absorption from front and rear can be increased by 4.4%-4.7% depending on the relative rear intensity. At the same time, the series resistance of the contact grid can be maintained or even reduced and the ink usage can be reduced by 15%. As an additional benefit, ETCs are compatible with the SmartWire busbar technology [43] , an approach to decreasing the optical losses of busbars that is becoming increasingly utilized in industrial solar cells.
